The gram-positive spore-forming bacterium Bacillus thuringiensis is ubiquitous in the environment and is closely related to the food-borne pathogen Bacillus cereus. The only difference between the two species is the ability of B. thuringiensis to produce parasporal crystalline inclusions, the so-called crystal proteins (Cry proteins) or ␦-endotoxins, which are plasmid encoded. These toxins have highly specific activity against certain insects (6, 23) , especially within the orders Lepidoptera, Diptera, and Coleoptera (11) , and B. thuringiensis is therefore of commercial interest. Plant protection products based on selected strains of B. thuringiensis are used worldwide in, e.g., the production of fruits and vegetables in greenhouses and in the field.
The high specificity of the Cry proteins against insects is mainly due to specific receptors in the insect gut, which are not present in the mammalian gut. These toxins are therefore considered harmless to humans. However, B. thuringiensis strains are capable of producing a variety of other toxins and virulence factors that can affect humans, including the same diarrhea-causing enterotoxins as produced by B. cereus (12, 13, 20) . The two best-characterized enterotoxins are hemolysin BL (HBL) and nonhemolytic enterotoxin (NHE), which are both three-component toxins requiring expression of all three genes for full virulence (17, 19) . A third enterotoxin, cytotoxin K (CytK), is a single-component toxin once reported to be involved in a severe food poisoning case that caused the deaths of three individuals (18) . However, the role of CytK is not yet fully understood, since recent studies have indicated the existence of two variants of CytK (4, 10) , the one (CytK2) having a lower toxicity than CytK1, which caused the severe food poisoning case. Also, commercially used B. thuringiensis strains have been shown to harbor genes for HBL, NHE, and CytK, and the expression of components of the three-component enterotoxins HBL and NHE has also been established (8, 16, 22) .
Since methods for identification of B. cereus-like bacteria in food and clinical settings do not distinguish between B. cereus and B. thuringiensis, the presence of B. thuringiensis in food and the role of this organism in food poisoning are not well described. The bacterium B. thuringiensis has only in one case been associated with food poisoning (15) , although the bacterium has the same genetic potential for producing enterotoxins as B. cereus. A recent study in our laboratory has shown that more than half of the isolated B. cereus-like strains from 40 ready-to-eat products at a Danish retail market in fact belonged to B. thuringiensis (22) , indicating that this species could be the causative agent of some of the food-borne outbreaks earlier ascribed to B. cereus. Counts of B. thuringiensis above 10 4 CFU g Ϫ1 were found in some fruits and vegetables (22) . Whether the high counts originated from natural contaminants or residues of B. thuringiensis insecticides was not shown. Nevertheless, we hypothesize that residues of B. thuringiensis insecticides account for some of the B. thuringiensis strains present on fresh fruits and vegetables. Fresh fruits and vegetables are normally not associated with B. cereus-related diarrhea. However, used as ingredients, these products may contaminate complex food dishes, e.g., starchy dishes, in which there are good conditions for growth, especially if the final dishes are improperly cooled after heat treatment.
The main purpose of this study was to determine the occur- 
MATERIALS AND METHODS

Strains.
A total of 128 B. cereus-like strains were randomly selected from the positive samples of 991 fresh fruit and vegetable products collected and enumerated for content of B. cereus-like bacteria in a previous study (22) . The 128 isolates originated from lettuce (n ϭ 32), tomatoes (n ϭ 8), cucumbers (n ϭ 4), peppers (n ϭ 7), berries (n ϭ 17), grapes (n ϭ 6), herbs (n ϭ 15), apples (n ϭ 10), root vegetables (n ϭ 19), and other products (n ϭ 10). These food samples had been randomly collected nationwide from local retail establishments over a period of 1 year and differed with regard to sampling place and time, origin, and/or product type. The following strains of B. thuringiensis from six commercial products were also included in the study: B. thuringiensis subsp. kurstaki present in Dipel, Biobit, and Foray; a transconjugant between B. thuringiensis subsp. aizawai and subsp. kurstaki from Turex; and B. thuringiensis subsp. israelensis from Vectobac and Bactimos.
Isolation of DNA. Genomic DNA was extracted by boiling a bacterial colony for 10 min in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). After centrifugation, the supernatant was used for PCR and RAPD (random amplified polymorphic DNA) analysis.
For isolation of plasmid DNA from overnight cultures growing in LuriaBertani medium (Oxoid, Basingstoke, United Kingdom), the QIAprep Spin Miniprep kit (QIAGEN, Hilden, Germany) was used. After harvesting, the cells were incubated in Buffer P1 containing lysozyme (20 mg/ml) for 90 min at 37°C before the remaining steps were performed as described by the manufacturer.
Detection of protein crystals and selected insecticide toxin genes. The method for examination of crystalline inclusions by phase-contrast microscopy was the same as that described in a previous report (22) . PCR analyses were carried out to detect various groups of insecticidal toxin genes from B. thuringiensis. Four general primer sets were employed, detecting cry-1, cry-3, cry-11, and cyt1A, as described earlier (16) . The reaction for detection of cry-1 consisted of one Ready-To-Go PCR bead (Amersham Pharmacia Biotech, Hillerød, Denmark), 10 pmol of each primer, and 5 l of DNA. The PCR conditions were the following: a single denaturation step of 10 min at 94°C, a step cycle program set for 30 cycles (with a cycle consisting of denaturation at 94°C for 40 s, annealing at 52°C for 40 s, and extension at 72°C for 1.5 min), and a final extension at 72°C for 7 min. The PCR for cry-3, cry-11, and cyt1A consisted of 10 l of Eppendorf MasterMix 2.5ϫ (Eppendorf, Hamburg, Germany), 20 pmol of each primer, and 5 l of DNA. PCR conditions were the same as for cry-1, but with annealing temperatures of 48°C for cry-3 and 51°C for cry-11 and cyt1A. RAPD analysis. Four 9-or 10-base primers, OPA-02, OPA-03, OPA-09 (Operon Technologies, Alameda, CA), and 0940-12 (5), were used. The PCR mixture consisted of one Ready-To-Go PCR bead (Amersham Pharmacia Biotech), 20 pmol of primer and 5 l of DNA. The PCR conditions were as described by Daffonchio et al. (7) .
Detection of genes for emetic toxin and enterotoxins. For detection of genes encoding the production of the emetic toxin and CytK, the previously described primers and conditions were used (22) . For simultaneous detection of all three genes for each of the enterotoxins HBL and NHE, a multiplex PCR method was developed. For detection of the three genes hblA, hblD, and hblC encoding HBL, and the three genes nheA, nheB, and nheC encoding NHE, the primer sequences described by Hansen and Hendriksen (13) were used.
The PCR for detection of genes of the HBL complex consisted of 15 l of Eppendorf MasterMix 2.5ϫ, primer amounts of 30 pmol for hblA and 5 pmol each for hblD and hblC, and 5 l of DNA. The PCR conditions were as follows: a single denaturation step of 10 min at 94°C, a step cycle program set for 35 cycles (with a cycle consisting of denaturation at 92°C for 40 s, annealing at 52°C for 40 s, and extension at 68°C for 1.5 min), and a final extension at 65°C for 7 min. The mixture for detection of genes of the NHE component consisted of 10 l of Eppendorf MasterMix 2.5ϫ, 20 pmol of each primer, and 5 l of DNA. The PCR conditions were the same as for cry-1 with an annealing temperature of 55°C. All PCR amplifications were performed on a Peltier Thermal Cycler PTC-225 (MJ Research, Bio-Rad, Waltham, MA).
Statistics. The observed prevalence of commercial B. thuringiensis strains among the total food isolates was 23/128, or 0.18. Assuming that the prevalence of the commercial strains is equally distributed among the food isolates, the expected number of commercial strains in the samples from tomatoes is 8 ϫ 0.18 ϭ 1.4 Ϯ the square root of 1.4 , that expected in the samples from cucumbers is 4 ϫ 0.18 ϭ 0.7 Ϯ the square root of 0.7, and that expected in the samples from peppers is 7 ϫ 0.18 ϭ 1.3 Ϯ the square root of 1.3. The observed numbers in the tomato, cucumber, and pepper samples were 6, 4, and 5, respectively. These numbers differ from the expected average by more than 3 standard deviations, meaning that there is a 99% probability (P Ͼ 0.99) that the prevalence of commercial strains among the three products was different from the overall distribution of commercial strains in the 128 food samples.
RESULTS
Identification of Bacillus thuringiensis strains. Fifty of the 128 isolates belonging to the B. cereus group were classified as B. thuringiensis because of their content of either crystal proteins visualized by phase-contrast microscopy or cry genes as detected by PCR. Among the B. thuringiensis isolates, 38 strains contained visible protein crystals, whereas 12 strains were positive for a cry gene but had no visible protein crystals. The majority of the 50 isolates, namely, 31 strains, were positive for cry-1, which is also present in the commercially used strains B. thuringiensis subsp. kurstaki HD1 and B. thuringiensis subsp. aizawai. In addition, 1 strain out of the 50 B. thuringiensis isolates was positive for cry-11, 1 was positive for cry-3, 1 was positive for cyt1A, and 1 strain was positive for both cry-11 and cyt1A, whereas 15 strains were negative for the cry genes tested.
Identification of strains indistinguishable from commercial B. thuringiensis strains. On the basis of the content of protein crystals, crystal protein genes, and enterotoxigenic profiles, the 128 isolates were divided into 55 different groups (Table 1) . Most of these comprised only one strain, revealing a high diversity among the isolates. The largest group of isolates comprised 20 strains grouping with B. thuringiensis strains isolated from the commercial products Biobit, Dipel, Foray, and Turex. Furthermore, there was a group of eight isolates harboring the same genes as the largest group but where no protein crystals could be detected by microscopy. None of the isolates grouped with the B. thuringiensis subsp. israelensis strain present in the commercial products Bactimos and Vectobac (Table 1) . RAPD analysis (data not shown) and plasmid DNA profiling performed on the 28 isolates harboring the same crystal protein and enterotoxin genes as the B. thuringiensis strains present in Biobit, Dipel, Foray, and Turex revealed that 23 strains were indistinguishable from the active organisms in these products. Plasmid profiling (Fig. 1) divided the strains into two groups, one group of 14 isolates indistinguishable from the B. thuringiensis subsp. kurstaki strain in Dipel, Biobit, and Foray and another group of 9 isolates indistinguishable from the B. thuringiensis subsp. aizawai strain in Turex (Table 2) . A statistically significantly (P Ͼ 0.99) high proportion of these isolates were from tomatoes, cucumbers, and peppers (Table 3) .
Enterotoxigenic profiles. Multiplex PCR revealed that the B. thuringiensis strains in six commercial products tested (Dipel, Biobit, Foray, Turex, Vectobac, and Bactimos) harbored all three genes for HBL and NHE, as well as the gene encoding CytK ( Table 1 ). The same result was obtained for the 23 food isolates indistinguishable from the commercial strains.
A high frequency of genes involved in human diarrhea was also found in the two groups of organisms differing from the commercial strains. In total, 70% of the noncommercial B. thuringiensis strains and 63% of the other B. cereus-like strains harbored at least one gene involved in human disease ( Table 4 ). The gene cytK was more frequently found in the noncommercial B. thuringiensis strains (in 56% of the strains) than in the other B. cereus-like strains (in 21% of the strains), while the occurrence of genes encoding enterotoxins HBL and NHE was relatively high in both groups. Genes encoding the emetic toxin were only detected in two strains that could not be classified as B. thuringiensis (Table 1 ). In addition to the gene for emetic toxin, both strains contained all three genes for the NHE complex and hblD of enterotoxin HBL (Table 1) .
DISCUSSION
High counts of B. cereus-like organisms are generally considered to be associated mainly with heat-treated, starchy products such as rice and pasta, where growth of this organism (22) , and others have also demonstrated high counts of B. cereus-like organisms in fresh vegetables (25) . It was suggested that these findings were not attributed to growth on the vegetables but could be a result of spraying with B. thuringiensis-based insecticides.
The present study revealed that B. thuringiensis strains indistinguishable from the commercial strains in the microbial insecticides Biobit, Dipel, Foray, and Turex are present on fresh vegetables for sale in Danish retail shops, particularly tomatoes, cucumbers, and peppers originating from Denmark, as well as from other countries. According to previously published data on the counts of B. cereus-like organisms on these vegetables (22) , two of the samples with B. thuringiensis strains indistinguishable from the commercial strains fell into the group with high counts; i.e., spraying with B. thuringiensis insecticides may result in residues reaching levels above 10 4 CFU g Ϫ1 . The majority of the tomatoes and cucumbers with isolates indistinguishable from the strain in Dipel originated from Denmark, where use of Dipel is allowed for plant protection (http: //www.mst.dk). Use of the product Turex is not allowed in Denmark, but it is in The Netherlands (http://www.ctb.agro.nl), and actually the majority of the isolates indistinguishable from the strain in Turex were from products produced in The Netherlands. Although one could argue that the finding of commercial-strain-like strains on these products is due to natural isolates indistinguishable from commercial strains, there are strong indications that the findings are actual residues of commercial products. This is substantiated by the fact that the products (tomatoes, cucumbers, and peppers) are grown in greenhouses in Denmark and The Netherlands, where contamination with natural isolates must be considered minimal, and the fact that Turex-like strains are primarily found on Dutch products. While B. thuringiensis strains have previously been isolated from vegetables (22, 25) , grapes (2, 3), milk, pasta, and bread (9, 21) , this is one of the first studies revealing that many B. thuringiensis strains isolated from fresh produce are in fact indistinguishable from commercial B. thuringiensis strains. Recently, Hendriksen and Hansen isolated HD1 strains indistinguishable from the commercial strains from cabbage for human consumption (14) .
Our study demonstrated that genes encoding enterotoxins were more frequently found in the strains indistinguishable from the commercial strains than in the strains different from these. The presence of enterotoxin-encoding genes in commercial B. thuringiensis strains was also found in previous studies (12, 13, 20) . Still, additional investigations are needed to clarify whether the genes are expressed in the human gut after ingestion of the bacteria or spores, although several studies have shown that enterotoxin genes in commercial strains are not only present but also expressed in vitro (8, 16, 22, 24) . Since all commercial strains harbor genes for all of the three known enterotoxins, HBL, NHE, and CytK, there is a risk that high levels of these organisms may cause human disease.
Taking this enterotoxigenic potential into account, as well as the fact that B. thuringiensis cannot be separated from B. cereus at the chromosomal level, vegetable producers and food authorities responsible for food safety should consider the amount of B. thuringiensis insecticide residue left on products after harvest. The European Food Safety Authority has recommended that processors should ensure that levels of B. cereus bacteria between 10 3 and 10 5 /g are not reached at the day of consumption (1). We recommend that this statement should apply also to residues of commercial, enterotoxin-encoding B. thuringiensis strains. 
